The state of Oklahoma has experienced a dramatic increase in the amount of measurable seismic activities over the last decade. The needs of a petroleum-driven world have led to increased production utilizing various technologies to reach energy reserves locked in tight formations and stimulate end-of-life wells, creating significant amounts of undesirable wastewater ultimately injected underground for disposal. Using Phased Array L-band Synthetic Aperture Radar (PALSAR) data, we performed a differential Synthetic Aperture Radar Interferometry (InSAR) technique referred to as the Small BAseline Subset (SBAS)-based analysis over east central Oklahoma to identify ground surface deformation with respect to the location of wastewater injection wells for the period of December 2006 to January 2011. Our results show broad spatial correlation between SBAS-derived deformation and the locations of injection wells. We also observed significant uplift over Cushing, Oklahoma, the largest above ground crude oil storage facility in the world, and a key hub of the Keystone Pipeline. This finding has significant implications for the oil and gas industry due to its close proximity to the zones of increased seismicity attributed to wastewater injection. Results southeast of Drumright, Oklahoma represent an excellent example of the potential of InSAR, identifying a fault bordered by an area of subduction to the west and uplift to the east. This differentiated movement along the fault may help explain the lack of any seismic activity in this area, despite the large number of wells and high volume of fluid injected.
Introduction
Occurrences of earthquakes in Oklahoma were rare prior to 2008 [1] . Between 1950 and 2005 , approximately 1.5 annual M w > 3.0 earthquakes were recorded [2] , however, since 2011, four earthquakes greater than Magnitude 5 have occurred. The M w 5. 7 Prague earthquake in 2011 [3] , and in 2016 alone, the M w 5.1 Fairview [4] , the M w 5.8 Pawnee and M w 5.0 Cushing earthquakes [5] . The amount of recorded M w greater than 3.0 earthquakes between 1980 and 1989 numbered 7, however in 2015 that number rose to 903 [6, 7] . The increase in seismicity in the state of Oklahoma has led to many questions as to why the sudden surge in frequency and intensity of these events occurring over a relatively small number of years. Out of the 111 years of oil and gas production in Oklahoma [8] , it is only the last ten years that have seen the dramatic uptick in measurable seismic events.
The components that must fit together to cause increased seismicity within intra-plate areas are complex. Fluid-induced seismicity has increased in number in oil and gas producing areas of the United States and has reached a fever in Oklahoma where the seismic hazard rivals that of some parts of California [1] . The increased demand for oil and gas over the last decade has meant an increase in production and the employment of techniques such as horizontal drilling and hydraulic fracturing unprecedented sharing of proprietary information from members of the oil and gas industry as well as detailed tracking of injection well data by the Oklahoma Corporation Commission [35] .
This study seeks to examine if any observable surface deformation is occurring regionally and within the Wilzetta Fault Zone. If surface deformation is identified, are there qualifiable correlations between the measured surface deformation, the physical location of injection wells, and the volume of injected fluid? If any correlations are detected, future work will determine if any quantifiable statistical correlations exist in the identified areas of interest. This study aims to provides analysis of InSAR-derived ground surface deformation and injection well location to provide evidence for or against the potential contribution of injection wells to increased seismicity in east-central Oklahoma. This contribution is another piece of the puzzle geoscientists can utilize as a tool in the investigation of the dramatic rise in seismicity in the state of Oklahoma.
We selected two SAR acquisitions over east-central Oklahoma (Figure 1 ). The time period covered by our analysis includes a transition from relative seismic quietude to a significant increase in seismicity (Figure 2 ). Our SBAS InSAR analysis shows regional deformation and the Meeker-Prague Fault splay displaying a mild correlation with injection well locations, whereas uplift identified in results for Cushing, Oklahoma has a significant impact due to the city's importance in the oil and gas industry. Results in our final area, southeast of Drumright, Oklahoma presents some intriguing questions as to the magnitude of deformation observed, yet the lack of local seismicity in the area.
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Materials and Methods
We processed two frames of the Phased Array L-Band SAR (PALSAR) data from the Japanese Advanced Land Observing Satellite (ALOS) "DAICHI" (Table 1 ) using the Small Baseline Subset (SBAS) workflow available in ENVI SARscape [36] . A majority of our primary area of interest had rural landcover, and the selection of L-Band data (23.5 cm wavelength, 1.275 GHz frequency) allows improved reduction of the noise and temporal decorrelation from vegetation. While characteristics of C-Band data possesses limited capabilities for vegetation penetration, longer wavelength data such as L-Band SAR data can penetrate vegetation and receive backscatter signal from the ground surface [37] . We used USGS National Elevation Dataset (NED) 1 arc second Digital Elevation Model (DEM) with a 30-m ground resolution for processing removal of the topographic component within the SBAS workflow.
The overall processing workflow included the following steps: creation of a connection graph, interferogram generation, Goldstein interferogram filtering, orbital refinement and reflattening, removal of atmospheric and topographic error, phase unwrapping, and phase to displacement conversion [38] . Following co-registration, interferogram generation and removal of the flat earth phase component due to the earth's curvature, Goldstein filtering [39] was applied to remove interferogram noise. We used a predefined linear displacement model to remove phase residuals from DEM inaccuracies [23] , jointly estimating the DEM error and the low pass displacement parameters [40] . Depending on the redundancy of interferogram pairs that met the coherence threshold requirement, a minimum cost flow (MCF) network [41] or Delaunay 3D (D3D) method [42] was used to unwrap the phase values. A low-pass and high-pass spatial filter on the time series images was used to screen and remove the atmospheric phase component [38] . The selection of Delaunay 3D unwrapping assists in reducing atmospheric and orbital effects by exploiting the temporal information, unwrapping the phase difference between neighboring pixels in the time domain. Those interferogram pairs severely affected by inaccurate orbits, very large baseline, and/or strong atmospheric or topographic noise, not removed within the processing workflow, were manually excluded from final displacement conversion.
InSAR estimated deformation is relative to ground control (reference) points (GCPs) used during phase to displacement conversion. Therefore, the location of the reference points largely determines the quality of the InSAR measurements. There are three approaches to creating GCPs. (1) When ground truth deformation data with accurate velocity is available (e.g., global position system or leveling), one or a few GCPs are sufficient to convert unwrapped phase to displacement assuming no systematic acquisition geometry errors exist with the data [43] . (2) Alternatively, GCPs with assumed zero deformation (motionless) can be used as reference points for SBAS processing [44] when no ground survey data are available. In this case, pixels are selected as GCPs based on the following criteria: a larger temporal coherence value (e.g., 0.75 or greater), unwrapped phase value close to zero and flat areas identified from a topographic map, located far away from the deformation zones [38, 45, 46] . The mean displacement values of these GCPs are then subtracted from the displacement image to produce the final displacement map. This method does not require field survey but it is most suited for smaller areas with better a priori knowledge of known subsidence zones. (3) For larger areas without known subsiding areas, a better approach is to use the average displacement value of the entire image as a reference value, which was the method used in this study. In practice, the SARScape modules of ENVI software allows for the creation of hundreds of GCPs (while a minimum 40 GCPs are recommended) [43, 47] evenly distributed over the entire image, and utilizes the average of these GCPs as a reference point. The advantage of this approach is that it eliminates noisy pixels from the averaging process by selecting pixels with higher coherence values. We selected over 100 GCPs covering each frame individually. It is worth noting that we tested both methods (2) and (3) and found the absolute values of cumulative displacements were slightly different between the methods. However, overall trend and spatial patterns of subsidence are not affected. The SARscape SBAS workflow and algorithm allows for custom-tailored analysis of each individually processed frame. We re-processed the two frames until ideal parameters were identified that yielded the most complete coverage of each frame individually. We utilized a max normal baseline of 50%, Delaunay 3D, disconnected blocks disallowed, a coherence threshold of 0.35, Goldstein max alpha of 3.5 with frame 175-700 as a max temporal baseline of 1000 day, 25-m grid size and Goldstein min alpha of 0.3, and frame 176-700 as a max temporal baseline of 1200 day, 20-m grid size and Goldstein min alpha of 0.5. Differences in the processing parameters were used to help yield the most complete processing coverage of the individual frames. The two InSAR frames were then mosaicked together for visual representation of results, blending the overlapping areas.
Results
Results of the InSAR SBAS analysis were first examined from a regional perspective. We then selected three separate areas of interest that were investigated from a local perspective. All deformation is in satellite Line of Sight (LOS). The direction of LOS displacement is represented by negative and positive symbols on the map legends. Negative displacement values are represented by cool colors (from dark blue to cyan) and show the areas where the ground movement is away from the satellite. Positive values (from light green through yellow and red) demonstrates the ground is moving toward the satellite for the period of observation.
Regional Deformation
The two SBAS frames were overlaid with regional fault system, injection wells, and earthquake data to assist in identifying areas of correlation between calculated ground deformation and auxiliary data, as well as selection of further areas of interest for more detailed investigation (Figure 4) . We focused primarily on the location of injection wells that were active at the conclusion of the analysis timeframe (2006) (2007) (2008) (2009) (2010) (2011) , in order to begin to address the potential for anthropogenic contributions to the increased level of seismicity in the area. Additional, relevant information utilized included 2.9 M w or greater earthquake inventory for the time of SBAS analysis (2006-2011), as well as location of faults within the two frames [48] .
This region of Oklahoma is marked by uplift that occurred during the Pennsylvania period concurrent the development of the Rocky Mountain orogeny [49] [50] [51] [52] . It is these regionally complex, buried high-angle normal faults [53] that have led to over a century of oil and gas development in Central Oklahoma [54] . Our InSAR analysis shows a large region of subsidence over east-central Oklahoma (Figure 4) . The northern boundaries of this subsiding area are coincident with the location of the 2011 injection well inventory. Figure 5 shows regional deformation in relation to wastewater injection well volumes (in Barrels) for the end of 2011. There is a broad correlation of deformation with respect to injection well locations (Figure 4 ), but no clear pattern with respect to injection well volumes ( Figure 5) . Future work will calculate fluid balance over this region, utilizing injection well volume (addition) and production well volumes (removal) to determine the net fluid per unit grid over the InSAR analysis. Spatial statistics with respect to the calculated net fluid, location of InSAR determined deformation and M w > 3.0 earthquakes will attempt to quantify the regional deformation observed, and examine statistically if there is any possible correlation to fluid extraction/injection.
Examination of the regional SBAS results yielded the selection of three separate areas of interest in which to investigate at a local scale (Figure 6 ).
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Area of Interest One-Cushing, Oklahoma
The city of Cushing is located in Payne county in east central Oklahoma, and the 2010 Census lists the total population at 11,784. The primary rock type in the area is the Late Pennsylvanian Vanoss Group shale [55] . Cushing is of special significance to the oil and gas industry as it is a major hub of the Keystone Pipeline, as well as the site of the largest above-ground crude oil facility in the world [56] .
Results from our SBAS analysis show an area of uplift occurring across the city footprint, and over a portion of the above-ground storage tanks located to the south of the city of Cushing (Figure 7a ). Time series analysis over the city indicate total deformation of 44 mm during the analysis time frame, with a majority of the local deformation occurring between 2008 and 2010 (Figure 7c ).
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Area of Interest Two-Wilzetta Fault Zone
The Wilzetta Fault Zone is a large, 200 km long Pennsylvanian fault system [50, 57] with a predominantly shale rock type from the Late Pennsylvanian Vanoss Group [55] . Main production of oil and gas in this area occurred in the 1950's and 60's [3, 54] , and in 1993 the area transitioned into a location for salt-water disposal wells (Type II Injection Wells) [58] . Disposal is primarily in the Hunton Limestone and the Arbuckle Group at bottom well depths of 1.3 and 2.1 km, respectively [59] . In November 2011, it was the location of the second strongest recorded earthquake in Oklahoma history [3, 58] . Three earthquakes of Mw 5.0, 5.7 and 5.0 occurred within 4 days along the strike-slip Meeker-Prague fault, a 20 km splay off the main Wilzetta Fault Zone [60] , approximately 4 miles east 
The Wilzetta Fault Zone is a large, 200 km long Pennsylvanian fault system [50, 57] with a predominantly shale rock type from the Late Pennsylvanian Vanoss Group [55] . Main production of oil and gas in this area occurred in the 1950's and 60's [3, 54] , and in 1993 the area transitioned into a location for salt-water disposal wells (Type II Injection Wells) [58] . Disposal is primarily in the Hunton Limestone and the Arbuckle Group at bottom well depths of 1.3 and 2.1 km, respectively [59] . In November 2011, it was the location of the second strongest recorded earthquake in Oklahoma history [3, 58] . Three earthquakes of M w 5.0, 5.7 and 5.0 occurred within 4 days along the strike-slip Meeker-Prague fault, a 20 km splay off the main Wilzetta Fault Zone [60] , approximately 4 miles east of the town of Sparks, Oklahoma. The epicenters of these events were located 180 km from the nearest known Quaternary-active faults [3] . This series of earthquakes is the largest ever correlated to wastewater injection [3] . Figure 8 shows the location of 2.9 M w or greater earthquakes that occurred between 2006 and 2011. The cluster of earthquakes along the Meeker-Prague fault splay is easily observed.
A number of studies [3, 58, 60] have linked these earthquakes to nearby wastewater injection wells. Work by [3] proposed that this sequence of earthquakes was not only due to wastewater injection, but was the result of over twenty years of wastewater injection in the area, and not an immediate response to wastewater injection initiation or volume change [61] .
We selected the Wilzetta Fault Zone as an area of interest due to the long duration of wastewater injection in the area, and the knowledge that shortly after the end of our analysis time-frame these large and significant earthquakes occurred. While many mechanisms of fault reactivation are occurring at depth, we wanted to identify if InSAR might have indicated any type of ground deformation in the area. Figure 8 shows the results of our analysis. Coherence in the area of the Meeker-Prague fault splay is spotty, but there is a region of relative uplift along the intersection of the fault splay. Regional deformation results (Figure 4) show widespread subsidence. The area of intersection between the Meeker-Prague splay with the main Wilzetta Fault Zone demonstrates an island of moderate uplift.
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Area of Interest Three-Southeast of Drumright, Oklahoma
The third area of interest within our analysis is a zone of uplift noted in the northern section of the frame (Figure 9 ), approximately 3 km southeast of the city of Drumright, Oklahoma. The predominant rock type in this area is the Late Pennsylvanian Vamoosa Group shale [55] . This region shows a clear area of uplift bounded by faults on the western and eastern sides of deformation, with a longer central fault. A horizontal profile highlights the variation from a subsiding area to the west of the fault (−8 mm) through an area with a high amount of deformation (+27 mm) (Figure 9b ). Numerous injection wells are located in the area, and Figure 5 provides some context for the total amount of injected fluid for 2011 in this zone. Time series analysis of results shows a small amount of deformation prior to the end of 2009, and then an uplift of 120 mm in less than 2 years (Figure 9c ). Of note is the lack of earthquake activity in the area (Figure 4) for the analysis period, despite the significant uplift in this area.
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Discussion
We wanted to address if the use of InSAR analysis could highlight areas of ground deformation around active injection wells in east-central Oklahoma. This paper is the first in a sequence of work that seeks to answer if anthropogenic activities are contributing to the observed increased seismicity in Oklahoma. While a number of studies have also sought to answer this question [3, 16, 17, 62] , we applied a different approach utilizing remote sensing tools versus on the ground tools (seismometers, differential GPS). 
We wanted to address if the use of InSAR analysis could highlight areas of ground deformation around active injection wells in east-central Oklahoma. This paper is the first in a sequence of work that seeks to answer if anthropogenic activities are contributing to the observed increased seismicity in Oklahoma. While a number of studies have also sought to answer this question [3, 16, 17, 62] , we applied a different approach utilizing remote sensing tools versus on the ground tools (seismometers, differential GPS).
The processed area was selected due to the dramatic increase in seismicity that has occurred over the analysis time frame along the Wilzetta Fault Zone, with a particular interest to the section that includes the Meeker-Prague Fault Splay (Figure 8 ). The regional results show large-scale subsidence in the area. Oil and gas production in this area has been ongoing for decades, and the use of hydraulic fracturing has been incorporated over the last decade to release tight plays from end of life wells [10] . Wastewater injection wells have concurrently been in use in the area, and the interplay of these two processes has dramatically changed the fundamental subsurface stresses over time. While it would have been optimal for the oil and gas industry to attempt to balance out these subsurface stresses by 'replacing' production with wastewater in a static balance, that has not been the case and the increase in seismicity in the area is one key clue that anthropogenic activities are likely causing irreparable damage. Our future work will take the results of this regional deformation and perform fluid balance calculations and spatial statistics in an attempt to quantify these activities.
The results from Area of Interest-1, City of Cushing, Oklahoma are of great impact. The region of uplift includes the city and the above ground crude oil facility located south of the town (Figure 7) . This time series analysis shows that the area experienced uplift for a period of 2 years before undergoing subsidence. In October of 2014, two earthquakes (M w 4.0 and 4.3) occurred just south of the area, below the crude oil facility [63] . The strong shaking felt during the earthquake [7] prompted the Oklahoma Corporation Commission to temporarily shut down three wastewater injection wells in the area [35] . Work by [63] determined that this earthquake sequence was the result of the reactivation of an unmapped left-lateral strike slip fault (which they named the Cushing fault) conjugate to the main branch of the Wilzetta-Whitetail fault zone. Conjugate strike slip or 'cross fault' ruptures are capable of triggering a rupture on a main fault [64] . This previously unmapped fault is conjugate to the Wilzetta-Whitetail fault zone, which is located at the northern section of the Wilzetta Fault Zone, a zone that includes Area of Interest-2. In November of 2016, a M w 5.0 earthquake occurred 3 km west of the City of Cushing [7] .
Area of Interest-2, the Wilzetta Fault Zone focuses mainly on the Meeker-Prague Fault Splay ( Figure 8 ). As detailed above with respect to Area of Interest-1, conjugate faults can cause ruptures on main faults. The Meeker-Prague Fault splay is also a conjugate fault. There have been a number of studies that have linked the increased seismicity along the Meeker-Prague Fault to wastewater injection wells [3, 58, 60] . Calculated Coulomb failure stress changes along the Cushing Fault were compared to data from the November 2011 Prague earthquake along the Meeker-Prague fault [63] . They determined that the Cushing fault (Area of Interest-1) was capable of producing a large damaging earthquake comparable to the 2011 Prague event (M w 5.7). An event that large could be detrimental to not only the above ground crude oil tanks, but also to the sections of the Keystone pipeline in the area. These two Areas of Interest have distinct results from the SBAS analysis, but the background and occurrence of earthquakes after the conclusion of our analysis highlights the interplay of deformation, complex fault systems and wastewater injection. As events along conjugate faults can affect the main fault, conclusive evidence of wastewater injection causing seismicity along the conjugate faults can warn of future seismicity along the main fault.
The final Area of Interest-3, located southeast of Drumright, Oklahoma, is unique to our other results. This rural area is peppered with well locations (Figure 9a ). Results shown in Figure 9 indicate that an area of uplift is bounded by faults on either side, with a fault in the central section. Of particular interest is the subduction seen to the west of the western bounding fault. All three Areas of Interest were located in geologic formations primarily consisting of shale, containing faults and injection wells. Examination of the earthquake history for the three Areas of Interest showed significant events occurring in Area of Interest One, Cushing, Oklahoma and in Area of Interest Two, the Wilzetta Fault Zone, but as of 2017 no seismicity has occurred in Area of Interest Three, southeast of Drumright, Oklahoma. One possible explanation utilizing our InSAR results is that there is some kind of stress release occurring on one side of the western fault that relieves built-up stresses from the volume of the injection well fluid. Figure 5 shows that injection well volumes in this area are significant. Our future fluid balance work will also include this Area of Interest, but at a finer scale than the regional deformation fluid balance analysis.
Conclusions
We performed an InSAR SBAS analysis over east central Oklahoma to identify ground surface deformation with respect to the location of wastewater injection wells to answer if anthropogenic activities are contributing to the observed increased seismicity. Our conclusions are as follows:
(1) Spatially, regional deformation and injection wells showed correlations to some degree. There is broad subsidence coincident with densely located injection wells. (2) From December 2006 to January 2011, over 44 mm of uplift was observed over Cushing, Oklahoma, which has significant implications for the oil and gas industry. This is due to the fact that Cushing is a major hub of the Keystone Pipeline, as well as the site of the largest above-ground crude oil facility in the world. Time series analysis for the city of Cushing, Oklahoma demonstrates a growing stress accumulation indicating the potential for induced seismicity. (3) The area southeast of Drumright, Oklahoma presents some intriguing questions as to the magnitude of deformation observed, yet the lack of seismicity in the area. This region shows a clear area of uplift bounded by faults on the western and eastern sides of deformation, with a longer central fault. A horizontal profile highlights the variation from a subsiding area to the west of the fault (−8 mm) through an area with a high amount of deformation (+27 mm).
